The additive effect of lithium tetrahydrofurfuryloxide (LiTHF) and alkyl lithium on the nucleophilic substitution reaction of anionic living polyisoprene with 4-bromobutoxy-tert-butyldimethylsilane (BBS) in heptane was investigated.
Introduction
Synthesis of end-functionalized polymers is of considerable interest from not only an industrial but also a scientific point of view. [1] [2] [3] For the precise synthesis of well defined end-functionalized polymers, anionic living polymers are one of the most useful candidates as precursors. Nucleophilic attack of carbanion to the suitable electrophile such as alkyl halides, [4] [5] [6] [7] [8] [9] [10] [11] [12] 1,1-diphenylethylene derivatives, [13] [14] [15] epoxides, 16) benzophenone derivatives, 17) and silyl chlorides 18, 19) can give the corresponding endfunctionalized polymers. Among these methods, nucleophilic substitution reaction with primary alkyl halides containing functional groups can be the most general procedure since it is possible to introduce variety of functional groups by changing the kind of alkyl halide. In addition to this, there is another advantage that no other bulky end group such as diphenylethyl group or diphenylmethanol moiety is introduced at the polymer chain end. Since these additional end groups sometimes affects the physical properties such as crystallinity of the resulting polymers, simple terminal alkylation would be favorable. Although varieties of alkyl halides have been used for the terminal alkylation of anionic living polymers, most of these reactions have been carried out under strictly limited conditions, e.g. in polar solvent like THF at Ϫ78°C to prevent side reactions. As a matter of fact, various types of byproducts as illustrated in Scheme 1 could be formed in the reaction in non-polar hydrocarbon solvent. Since most of the industrial scale anionic synthesis of polymers is carried out in a hydrocarbon solvent at the elevated temperature, it is favorable to find out reaction conditions where no such a side reaction occurs even in a non-polar solvent. One of the solutions for this problem is to modify the reactivity or state of active chain-end carbanion by the addition of appropriate additives. Quirk et al. have reported that addition of THF to polystyryllithium in benzene can improve the efficiency of the SN2 reaction with N,N-dimethyl-3-chloropropylamine. 6) However, there is some possibility that chain-end carbanion may react with THF itself at room temperature, resulting in the formation of non-functional polymers. Deffieux and his coworkers have reported the reaction of anionic living polystyryllithium and chloroalkyl derivatives bearing oxygen atoms such as ether and acetal in benzene solution. 12) They concluded that coordination of oxygen atom to lithium cation of active chain-end is important to achieve high functionality. They also used N,N,NЈ,NЈ-tetramethylethylenediamine (TMEDA) to improved the functionality where the bidentate nature of TMEDA changes the reactivity of active chain-end carbanion.
Another possible modifier would be the lithium alkoxides. Halasa and his coworkers have reported that alkali metal tetrahydrofurfuryloxide accelerates the rates in the anionic polymerization of isoprene in hydrocarbon solvent, though it also increases the content of vinyl structure. 20) Quirk and his coworkers recently reported the effect of lithium 2,3-dimethyl-3-pentoxide on the nucleophilic substitution (SN2) reaction of anionic living polystyrene with 4-vinylbenzyl chloride in hydrocarbon solvent. 21) These indicate that lithium alkoxide with bulky alkyl group which makes the compound soluble in non-polar media can coordinate with the chain-end carbanion and changes the ionic character and state of aggregation. If so, it could be used as modifier to suppress the metal-halogen exchange in the SN2 reaction of living polymer anion in hydrocarbon solvent. In this paper, we have investigated on the effect of lithium compounds, mainly lithium tetrahydrofurfuryloxide (LiTHF), on the SN2 reaction of anionic living polyisoprenyllithium and polystyryllithium with alkyl bromide, 4-bromobutoxy-tert-butyldimethylsilane (BBS). In addition, effects of alkyllithium which can potentially coexist in the modifier solution are also examined.
Experimental
Materials n-Butyllithium and sec-butyllithium (Kanto Chemical) were used as received. Isoprene was distilled from n-BuLi at 0°C under high vacuum condition. Styrene was distilled from calcium hydride under reduced pressure. Tetrahydrofurfuryl alcohol was stirred overnight with calcium hydride and distilled under reduced pressure. It was distilled again from calcium hydride under high vacuum condition and sealed in ampoules with break-seal as cyclohexane solution. Lithium tetrahydrofurfuryloxide (LiTHF) was prepared by the reaction of tetrahydrofurfuryl alcohol with slightly excess amount of sec-BuLi at Ϫ10°C under vacuum. The LiTHF solution was then degassed thrice by freeze-pump-thaw method to remove butane gas.
Synthesis of 4-bromobutoxy-tert-butyldiemthylsilane
4-Bromobutoxy-tert-butyldiemthylsilane (BBS) was prepared by the silylation of 4-bromo-1-butanol. 22 
Nucleophilic substitution reaction
Anionic living polymerization of isoprene was carried out in heptane at 40°C for 2.5 h under high vacuum condition. Then aimed amount of additives such as LiTHF was added to the solution at 40°C followed by BBS. The reaction mixture was stand still at the designed temperature for 3 h for the reaction to be completed.
After the reaction, the polymerization mixture was poured into large excess of ethanol to precipitate polymer. It was purified by reprecipitation twice from THFmethanol, and freeze-dried from benzene solution.
Hydrolysis of silyl ether
Acid hydrolysis of silyl ether at polymer chain end was carried out in THF using dilute hydrochloric acid. In a typical case, 0.2 g of polymer was dissolved in 10 ml of THF. A 1 ml of 2 M HClaq was added to the solution and the mixture was kept at 40°C for 12 h. Then it was poured into methanol to isolate the hydrolyzed polymer. The polymer thus obtained was purified by reprecipitation twice from THF-methanol, and freeze-dried from benzene solution.
Measurement
The molecular weight and its distribution were measured by size exclusion chromatography (SEC) based on the standard polyisoprene calibration using TOHSO HLC-8020 instrument with three polystyrene gel columns (TOSOH TSKgel H XL -4000, -3000, and -2000 (7.8 mmϫ 30 cm)) and refractive index detectors. THF was used as a carrier solvent at a flow rate of 1 ml/min. Thin layer chromatography with flame ionization detection (TLC-FID) analysis of the end-functionalized polymer was performed with IATROSCAN TH-10 TLC/FID analyzer. Silica coated quartz rod and toluene were used for stationary and mobile phase, respectively.
1 H-and 13 C-NMR measurements were carried out with JEOL JNM-EX-400 spectrometer in CDCl 3 .
Evaluation of chain-end alkylation
The degree of chain-end alkylation was determined by two individual methods, TLC-FID and 1 H-NMR spectroscopy. In the former method, the resulting polymer solution was developed on the silica coated quartz rod using toluene as a developing solvent followed by quantitative analysis. In the latter method, the spectrum was measured in CDCl 3 and the relative integrated intensity of signals attributable to initiator fragment and that of silyl group was compared.
Results and Discussion
As described in introduction, SN2 reaction of living polymer with alkyl halide in non-polar hydrocarbon solvent can give at least three different kinds of polymers. These are aimed end-functionalized polymer (P-R), nonfunctional polymer caused by proton abstraction (P-H), and dimeric product (P-P) as illustrated in Scheme 1. In this study, composition of the resulting polymer composed of polymers having different chain structure P-R, P-H, and P-P was analyzed by using SEC, NMR, and TLC-FID.
Synthesis of LiTHF and its purity
As described in the experimental section, LiTHF is added to the anionic living polyisoprenyl anion solution prior to the addition of BBS. If LiTHF contains any protonic impurities that terminate the active chain-end carbanion, it causes the formation of non-functional polymer P-H and, as a result, decreases the apparent formation of dimeric product P-P. Therefore the purity of LiTHF was checked by post polymerization prior to the end-functionalization experiment. In practice, 2nd portion of isoprene was added to the anionic living polyisoprene to polymerize following to the addition of LiTHF, and the polymers thus obtained were analyzed by SEC. Figure 1 shows SEC chromatograms of pre-and postpolymers. Chromatogram of post-polymer shown in solid line moved to higher molecular weight side without having low molecular weight tail at the original position corresponding to the pre-polymer shown in broken line, indicating that no termination occurred by the addition of LiTHF. The small peak marked as "b" at higher molecular weight side in the main peak of post-polymer marked as "a" can be assigned to the high molecular weight polyisoprene formed with the residual small amount of sec-BuLi contained in LiTHF and second portion of isoprene. The effect of Buli as additive will be discussed in the later section. These results indicate that LiTHF used here do not contain protonic impurities and can be used as additives.
Nuceophilic substitution in the presence of LiTHF
When cyclohexane solution of LiTHF was added to the colorless anionic polyisoprenyllithium solution in heptane, pale yellow color appeared. This color disappeared instantaneously by the addition of BBS at 40°C, and slightly longer time was required when BBS was added at 0°C. Figure 2 shows SEC chromatograms of the polymers obtained by the reaction of anionic living polyisoprene with BBS at 0°C and 40°C in the presence of various amount of LiTHF. As can be seen, polymer having bimodal molecular weight distribution was formed if the reaction was carried out in the absence of LiTHF. The average molecular weight and the area ratio of each peak were estimated by fitting two Gaussian functions to the bimodal peak as illustrated in Figure 3 , and they were summarized in Table 1 . It is obvious that considerable amount of dimeric product was formed considering the fact that the molecular weight of the peak at the higher molecular weight side is estimated to be the twice the size of the lower side's one. Lithium halogen exchange followed by coupling reaction between halogenated polymer and neighboring active chain end might have occurred. On the other hand, formation of such a dimeric product was greatly reduced when the reaction was carried out in the presence of LiTHF. This effect could be explained by the cross- Composition of the polymer composed of polymers having different chain structure P-R, P-H, and P-P was determined by comparing the corresponding areas S H and S L . a) Peak corresponding to P-P was too small to estimate the molecular weight.
association of carbanion with added LiTHF. It is well known that propagating chain-end of anionic living polyisoprene aggregates in hydrocarbon solvent.
23) Since
LiTHF can behave as a bidentate ligand to lithium cation, it can dissociate the aggregation of active chain-end species to give cross-associated ones as illustrated in Scheme 2. As can be expected, each active chain end is separated each other, and it might have prevented the formation of dimeric polymers. The effect of THF and TMEDA on the SN2 reaction was also summarized in Table 2 . Though the formation of demeric product was reduced to some extent by the addition of large amount of these polar compounds, LiTHF was found to be more effective. Though it has come to clear that LiTHF can suppress the dimer formation, higher and lower side peak area ratio of the SEC chromatograms does not reflect the degree of end-functionalities because the monomeric polymers may contain aimed functionalized polymer (P-R) and non-functionalized one (P-H). Therefore where I 0 and I 0.9 indicate the relative integrated intensity of the signals around 0 and 0.9 ppm, respectively in the spectrum before hydrolysis.
Another methodology we employed here is a TLD-FID analysis. Although degree of functionalization could be determined from the 1 H-NMR analysis as described above, signal intensity ratio may contain errors to some extent since signals assigned to a-and w-end groups were not independently observed. In order to minimize this error and to determine the content of non-functional polymer (P-H), TLC-FID analysis of the hydrolyzed polymer was performed. Figure 5 shows typical chromatogram of the polymer after hydrolysis. Two peaks having different Rf values were clearly observed. Comparing these Rf values with that of the non-functional polyisoprene prepared in a separate experiment, the peak having larger Rf value was assigned to the non-functional polyisoprene, P-P and P-H. Since the molar sensitivity of P-R, P-P, and P-H are considered to be nearly equal, it is possible to determine the functionality from these area ratios. In addition, most noticeable point of this method is that no information concerning the average molecular weight of the polymer (Mn) is necessary to determine functionalities whereas the Mn is most important for the usual end-group analysis such as acid-base titration. Table 2 summarizes the result of SN2 reaction of anionic polyisoprene with BBS under various conditions. It was possible to suppress the dimerization or proton abstraction if the reaction was carried out at 0°C in the presence of appropriate amount of LiTHF. Even at higher temperature at 40°C, nearly quantitative alkylation could be achieved when sufficient amount of BBS was used. The change of color from colorless to pale yellow by the addition of LiTHF seemed to indicate that the dissociation of polyisoprenyllithium occurred to form localized and crossassociated active chain-end carbanion with LiTHF having higher reactivity toward electrophiles. However, it should be noted that even 0.5 equivalent of LiTHF shows significant effect for reducing the formation of dimeric polymers. This suggests that the cross-associated carbanion and homo-associated polyisoprenyl anions might be in the dynamic equilibrium state. If the cross-associated carbanion coordinated with LiTHF should have higher reactivity toward BBS, this anion may react prior to the homo-associated carbanion. This could be the most likely explanation for the experimental result where no stoichiometric amount of LiTHF was necessary to suppress the dimerization.
Nuceophilic substitution in the presence of BuLi
As described in the previous section, dissociation of active chain-end species to form cross-associated ones by the addition of LiTHF was a key step to suppress the formation of dimeric products. On the other hand, we should pay attention that small amount of excess sec-BuLi from LiTHF solution remains in the polymerization mixture, and it may form cross-associated species with the active chain-end. Therefore the effect of BuLi's instead of LiTHF was examined. Figure 6 shows the SEC chromatograms of the end- functionalized polyisoprene obtained by the reaction of anionic living polyisoprene with BBS at 0°C in the presence of n-BuLi and sec-BuLi. The chromatogram of end-functionalized polyisoprene prepared in the presence of LiTHF as a reference was also shown. As can be seen, formation of dimmer was suppressed to some extent in the presence of n-BuLi whereas no such an effect was observed for sec-BuLi. This could be explained by the difference of associated state of BuLi's. sec-BuLi is often used as an initiator for the anionic living polymerization of styrene and 1,3-dienes in hydrocarbon solvent since it gives polymers of narrow molecular weight distributions with predictable molecular weight based on the molar ratio of monomer to initiator. These inidicates that sec-BuLi has high initiation efficiency and does not form any crossassociated form with propagating chain-end carbanion formed. On the other hand, n-BuLi is said to give polymers having slightly broader molecular weight distributions compared with the one obtained by sec-BuLi initiation.
Morton and his coworkers have reported the crossassociation of ethyllithium with polyisoprenyllithium in hydrocarbon media. 24) In addition, molecular weight of the polymer thus obtained is higher than the predicted one, presumably due to the lower initiation efficiency caused by the slow dissociation of the associated initiator. As a result, some part of the associated initiator which was not used for initiation remained in the polymerization mixture and might participate the cross-association with the propagating chain-end. Thus n-BuLi as additive was proven to have ability to suppress dimmer formation in the SN2 reaction of anionic living polyisoprene with alkyl bromide in hydrocarbon solvent.
Application to the reaction using anionic living polystyrene
In the beginning of 70's, two research groups reported different result on the association number of anionic living polydienes such as polyisoprenyllithium in hydrocarbon solvent. [25] [26] One group reported the number should be 2 and the other reported to be 4. Though the answer was not clear at that time, recent study using neutron scattering indicated the association number of polydienyl lithium is around 3.5. 27) Since the association phenomenon is important for the suppression of dimer formation in the SN2 reaction, the effect of LiTHF on the reaction of polystyryllithium which has different association number was examined. Upon addition of cyclohexane solution of LiTHF to polystyryllithium in cyclohexane, orange color of the styryl anion turned to deep red, suggesting that delocalized carbanion turned to be free-ion. The characteristic color disappeared gradually at 0°C and immediately at 40°C, respectively, by the addition of BBS. Table 3 summarizes the SN2 reaction with polystyryllithium with BBS. As can be seen, formation of dimer was suppressed when the reaction was carried out in the presence of LiTHF. However, excess amount of LiTHF was necessary to get polymer with high degree of terminal alkylation. Although exact reason is not clear up to date, the association number of active chain-end or state of cross-association of living polymer with LiTHF might have affected.
Conclusion
Chain-end functionalization of polyisoprenyllithium and polystyryllithium was carried out in non-polar hydrocarbonsolvent at 0-40°C with using lithium tetrahydrofufuryloxide (LiTHF) and 4-bromobutoxy-tertbutyldimethylsilane (BBS) as additive and terminating agent, respectively. Appropriate amount of LiTHF was found to suppress the formation of dimeric product of polymer to increase the chain-end functionality. n-BuLi was also effective to some extent to decrease the dimer formation. 
